Background/Aims: Non-alcoholic fatty liver disease (NAFLD) is an emerging metabolic disease. Although it leads to severe hepatic diseases including steatohepatitis, cirrhosis, and hepatic cancer, little is known about therapy to prevent and cure hepatic steatosis, the first step of NAFLD. We conducted this investigation to unveil the mechanism of hepatic steatosis. Methods: We established a novel chronic NAFLD mouse model through whole body irradiation and verified the model through histological and biochemical analysis. To find molecular mechanism for hepatic steatosis, we analyzed hepatic transcriptomic profiles in this model and selected target molecule. To induce the expression of lactotransferrin (Ltf) and regulate the NAFLD, growth hormone (GH) and coumestrol was introduced to hepatocyte and mice. The universal effect of coumestrol was confirmed by administration of coumestrol to NAFLD mouse model induced by high-fructose, high-fat, and MCD diet. Results: It was observed that decreased hepatic Ltf expression led to excessive hepatic lipid accumulation in NAFLD mouse. Furthermore, we found that GH was decreased in irradiated mice and functioned as an upstream regulator of Ltf expression. It was observed that GH could stimulate Ltf expression and prevent uptake of dietary lipids in hepatocytes, leading to rescue of NAFLD. Finally, we suggested that coumestrol, a kind of isoflavonoid, could be used as an inducer of hepatic Ltf expression through cooperation with the GH signaling pathway both in vitro and in vivo. Conclusions: Hepatic Ltf prevents hepatic steatosis through inhibition of dietary lipid uptake in radiation-induced NAFLD mouse model. We also suggest coumestrol as a drug candidate for prevention of NAFLD.
Introduction
Non-alcoholic fatty liver disease (NAFLD) refers to be serial diseases derived from excessive accumulation of lipids in the liver. NAFLD reportedly develops from hepatic steatosis to steatohepatitis, liver cirrhosis, and finally a liver cancer [1] . As prevalence of NAFLD was reported to increase to 24% worldwide, more researches are needed for prevention of NAFLD [2] . Current studies have suggested multiple-hit models for development of NAFLD, which commonly begins from simple accumulation of lipids in liver and develops into excessive oxidative damages derived from increased β-oxidation of lipids [3] . Because hepatic tissue damage was mainly derived from lipid oxidation, many recent studies have focused on the hepatic injuries and liver carcinogenesis, while there have been few attempts to modulate the initial lipid accumulation [4] . Conversely, some studies emphasized the importance of controlling the initial hepatic steatosis to prevent the fundamental cause of NAFLD and metabolic dysfunctions [5] . In these studies, Sterol regulatory element-binding protein 1c (SREBP-1c), carbohydrate-responsive element-binding protein, acetyl-CoA carboxylase, fatty acid synthase, fatty acid-binding protein, peroxisome proliferator-activated receptor (PPAR) α, and PPARγ have been suggested as molecular regulators involved in hepatic steatosis [5] [6] [7] . However, attempts to regulate these metabolic proteins in previous studies did not lead to clinical improvement of NAFLD and the ideal molecular target of hepatic steatosis still remains elusive.
Accumulated hepatic lipids are derived from many sources including de novo lipogenesis, lipoprotein in the blood, and free fatty acid secreted from adipose tissues [8] . Fundamentally, these sources are significantly influenced by dietary lipids, which are digested and absorbed into intestinal cells that synthesize triglyceride (TG), and are then secreted in the form of chylomicron [9] . Chylomicron, a TG-containing lipid particle, is secreted to a lacteal duct, where it is mixed with blood, after which it circulates throughout the body to supply lipid peripheral tissues, including adipose tissues, muscle tissues, and the liver [10] . Because of the role of chylomicron in lipid metabolism, the relationship between chylomicron and induction of hepatic steatosis was investigated in recent studies, which showed regulation of chylomicron uptake significantly improved NAFLD [11, 12] . Interestingly, the production of chylomicron was also reportedly regulated by intake of carbohydrate, protein, and even fiber, which emphasizes the universal involvement of chylomicron in metabolism [10] . Therefore, hepatic uptake of chylomicron appears to be the initial regulator of hepatic steatosis and investigation of the development of NAFLD induced by chylomicron uptake could explain the unsolved metabolic dysfunctions in NAFLD studies.
Lactotransferrin (Ltf) is an iron-binding glycoprotein secreted to milk and interstitial fluids and reportedly has various functions including anti-inflammatory, -biotic, -oxidant, -viral and -cancer effects [13] . Furthermore, the administration of Ltf was previously shown to reduce hepatic lipid accumulation and relieve the NAFLD in murine models [13, 14] . Most investigations of the role of Ltf in preventing NAFLD were performed a decade ago and it was discovered that Ltf prevented NAFLD by suppressing chylomicron uptake [15] . Moreover, a structural study explained that Ltf contains an arginine-rich region which was similar to the site of apolipoprotein E (ApoE) binding to low-density lipoprotein receptor (LDLr), LDLr-related protein 1 (LRP-1), or lipolysis-stimulated lipoprotein receptor (LSR) [16] . In the recent study, it was confirmed that Ltf binds to LSR and inhibits chylomicron clearance through ligand blotting experiments [17] . However, the role of hepatic Ltf expression in regulation of NAFLD and the mechanism of Ltf expression regulation still have yet to be elucidated.
The establishment of a proper animal model is important to pre-clinical investigations. In studies to investigate the mechanism of the NAFLD development, many in vivo NAFLD models have been generated by diets including high-fructose, high-fat, and MCD (methionine and choline-deficient) diet or through genetic modification including overexpression of SREBP-1c or silencing PPARα [18] . Approaches to establish novel NAFLD model have been consistently suggested in studies to elucidate molecular mechanism of NAFLD. However, the models commonly showed severe hepatic lipid accumulation within a few days, which is too short to mimic the initial hepatic steatosis of patients even considering the difference in time scale of human and mice [19] . As development of NAFLD spent several months in patients, chronically NAFLD-developing model can show underneath hepatic molecular events in acute models. In addition, using diet-induced NAFLD models could not identify the driving force of NAFLD found in patients without abnormal diet or genetic mutations. Therefore, chronic and diet-independent NAFLD model can overcome the limitation of current NAFLD mouse models.
Among the many causes of NAFLD development, important roles endocrinal disturbance was suggested in current studies. A review summarized that abnormalities of hormones including growth hormone (GH), thyroid hormone (TH), adipokines, and sexual hormones were principally involved in hepatic steatosis and NAFLD [20] . Endocrinal disturbance could be innate, but some studies reported that acquired endocrinal disturbance also led to development of NAFLD as a chronic metabolic disorder. In previous studies, leukemia survivors who were treated with whole body irradiation for stem cell transplantation in childhood developed NAFLD in adulthood [21, 22] . These studies reported that whole body irradiation induced development of NAFLD as a chronic effect (over 10 years) and abnormality of hormones including testosterone, insulin-like growth factor 1, thyroidstimulating hormone, luteinizing hormone, and follicle-stimulating hormone, which was also supported by other previous study [23] . Moreover, endocrine disturbance induced by bisphenol A, a chemical endocrine disruptor, reportedly led to hepatic steatosis [24] . These studies suggested that inducing endocrinal disturbance can be utilized for establishment of NAFLD model. However, the precise molecular mechanism involved in NAFLD development through endocrine disturbance has not yet been completely elucidated.
In this study, we conducted investigation to discover the mechanism of initial hepatic steatosis by establishing a novel NAFLD mouse model with whole body irradiation based on the previous studies. We then analyzed the hepatic transcriptomic profiles, and demonstrated the molecular mechanism of hepatic steatosis.
Materials and Methods
Cell lines, cultivation and transfection AML12 (murine normal hepatocyte cell line), MIHA, and HL-7702 (human normal hepatocyte cell lines) were used in the research. AML12 cell line was generously gifted by prof. Heung-Sik Choi (Chonnam National University, Gwangju, Republic of Korea). MIHA cell line was generously gifted by prof. Suk Woo Nam (The Catholic University of Korea, Seoul, Republic of Korea). HL-7702 cell line was generously gifted by prof. Soon-Sun Hong (Inha University School of Medicine, Incheon, Republic of Korea). AML12 was grown in DMEM/F-12, MIHA was grown in DMEM, and HL-7702 was grown in RPMI-1640 containing 10% FBS, 100U/ml penicillin, and 100μg/ml streptomycin. Cells were incubated in humidified, 95% air/5% CO 2 atmosphere at 37 ºC.
Transient transfection was performed following previous study [25] . Briefly, the mixture of Lipofectamine TM (Invitrogen, Carlsbad, CA) and pCMV6-Ltf (Origene Technologies, Rockville, MD) was incubated 30 min for formation of liposome and applied to the MIHA or HL-7702 cells for 12 hours. After exchanging with fresh media, the cells were utilized for further experiments.
Antibodies and reagents
Primary antibodies specific for Ltf, p-Stat5, Stat5, α-tubulin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Secondary antibodies specific for mouse IgG, rabbit IgG, and goat IgG were purchased from Enzo Life Sciences (Ann Arbor, MI). Growth hormone (GH) was purchased from Prospec (East Brunswick, NJ) and coumestrol was purchased from Enzo Life Sciences.
Histological analysis
The histological analysis was performed as described in previous study [29] . Frozen block of liver was sectioned in 8μm thickness using Cryostats (Leica Biosystems, Buffalo Grove, IL), dried in room temperature for 1 hour, and stored in -20 ºC. For haematoxylin & eosin (H&E) staining, the slides were fixed in formalin solution for 10min in RT, and washed in TBS (50 mM Tris-Cl, 150 mM NaCl, pH 7.6) for 5 min twice. The slides were incubated in haematoxylin solution (Muto Pure Chemicals, Tokyo, Japan) for 3 min and washed in distilled water (DW) and blued in 1% HCl 70% EtOH. Then the slides were moved to eosin solution (Muto Pure Chemicals) and incubated for 5 min and washed in DW for three times. Subsequently dehydration was performed through serial incubation in 70% EtOH, 95% EtOH, 100% EtOH, and xylene. The slides were mounted in Permount Mounting solution (Fisher Scientific, Pittsurgh, PA). The stained slides were visualized by Olympus IX71 fluorescence microscope (Olympus Optical Co. Ltd.).
For Oil Red O (ORO) staining, the slides were fixed in formalin and washed in TBS twice. ORO stock solution (Sigma Aldrich, St. Louis, MO) was diluted in 3:2 with DW to make ORO working solution. The slides were incubated in ORO working solution for 15 min, washed in DW. The slides were counterstained in haematoxylin solution for 3 min and washed, dehydrated, and mounted as described above.
For Sirius red staining, the slides were fixed in formalin and washed in DW twice. Then the slides were incubated in the Sirius red staining solution (0.1% Direct Red 80 (Sigma Aldrich) solved in picric acid) for 60 min. Then the slides were washed in 0.5% acetic acid twice, dehydrated, and mounted as described above.
Triglyceride (TG) assay
The assessment of triglyceride content in liver tissue or hepatocytes were performed following TG assay kit (BioVision, Milpitas, CA). To isolate lipid contents, liver tissue and cells were homogenized and lysed in 5% NP-40 solution in DW. The lysates were boiled in heat block at 80 ºC for 5 min and cooled at RT for 10 min. This procedure was repeated twice. Subsequently samples were centrifuged at 13, 000 rpm for 2 min and supernatant was obtained. The assessment of TG contents was performed following the manufacturers' instruction and the results were measured by GloMax® Multi Microplate reader (Promega, Madison, WI). For normalization of TG from the liver samples, the content of protein in supernatant was quantified by BioRad protein assay kit (BioRad Laboratories, Hercules, CA) following the previous study [30] .
Spectrophotometer (Thermo scientific, Waltham, MA). The RNA was converted to double-stranded cDNA template by IVT (in-vitro transcription), purified using the Affymetrix sample cleanup module, and fragmented using restriction endonuclease. Fragmented cDNA was end-labeled with biotinylated dideoxynucleotide and hybridized to GeneChip® Mouse Gene 2.0 ST arrays. The data was normalized using the Robust Multi-array Average (RMA) algorithm implemented in the Affymetrix Expression Console software (version 1.3.1.) (http://www.affymetrix.com) and signal distributions were compared using plotting using tools obtained from the Bioconductor Project (http://www.bioconductor.org). Differentially expressed genes (DEGs) exhibited > 1.5-fold average signal differences between control and treatment groups were selected. The heat map was depicted through hierarchical clustering method. The result of microarray was deposited in GEO (Accession No. GSE103622)
Semi-quantitative RT-PCR
To assess the mRNA level in the cell and tissue, semi-quantitative RT-PCR was performed following previous study [32] . The total RNA extracted from liver tissue or hepatocytes were converted to cDNA using SuperScript® VILO cDNA synthesis kit and master mix (Invitrogen, Carlsbad, CA). CDNA was amplified using Taq polymerase (Takara Bio Inc., Tokyo, Japan) following manufacturers' instruction with adequate primers. The primer sequences used for experiments were list below. Mouse Gapdh F: GGT GAA GGT CGG TGT GAA CGG ATT R: GAT GCC AAA GTT GTC ATG GAT GAC C Mouse Ltf F: CGA AGC ACG AAT GAC AAA GA R: ACA AAG CCA ATG GCA GAC TC Human GAPDH F: ATG ACA TCA AGA AGG TGG TG R: CAT ACC AGG AAA TGA GCT TG Human LTF F: GAG AAG GAG TGT TCA GTG GT R: ATA GTG AGT TCG TGG CTG TC
Western blot analysis
The western blot analysis was performed as described in previously [33] . To prepare the protein sample, the tissue or cells were homogenized and lysed in radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM Tris, 150 mM NaCl, pH 7.4, 1% Triton X-100, 25 mM NaF, 1 mM dithiothreitol (DTT), 20 mM EGTA, 1 mM NA 3 VO 4 , 0.3 mM phenylmethanesulfonyl fluoride (PMSF), and 5 U/ml aprotinin). Then the lysates were centrifuged by 13, 000 rpm at 4 ºC for 15 min. The supernatant were obtained and concentration of total protein was measured by BioRad protein assay kit (BioRad Laboratories). 40 μg of protein samples were loaded to SDS-PAGE and transferred to nitrocellulose membrane. The membranes were blocked in 5% BSA in TBST (10 mM Tris, 100 mM NaCl, and 0.1% Tween 20) for 1 hour at RT and incubated with primary antibodies overnight at 4 ºC. Subsequently the membranes were washed in TBST and probed with secondary antibodies for 1 hour at RT and ECL detection system (Roche Applied Science, Indianapolis, IN) was applied to detect.
Enzyme-linked immuosorbent assay (ELISA)
To assess the levels of serum GH, the serum isolated from blood was used in ELISA following previous study [34] . The obtained blood was incubated 15 min at RT for clotting and centrifuged for isolation of clots. The supernatant serum was obtained and applied for ELISA. ELISA was performed using GH ELISA kit (USCN Life Science Inc., Houston, TX) following manufacturers' instruction.
Immunofluorescence (IF)
To assess subcellular localization of Stat5, IF was performed following previous study [35] . Briefly, the cells were seeded in slide glass, treated with GH for 30 min and fixed with ice cold acetone for 20 min at -20 ºC. Then the cells were blocked by 1% BSA in PBS for 1 hour at RT and incubated with primary antibodies overnight at 4 ºC. Subsequently the cells were washed and probed with DyLight® 488 conjugated secondary antibodies (Thermo Fisher Scientific) and visualized by Olympus IX71 fluorescence microscope.
TG-rich lipoprotein isolation and treatment
The human plasma for research was purchased from Korean Red Cross (Busan, Republic of Korea). To obtain the TG-rich lipoprotein from the human or murine serum, we performed TG-rich lipoprotein isolation following pervious study [36] . We allocated serum to the polyallomer tube (Beckman Coulter, Pasadena, CA) and placed same volume of NaCl (d=1.006g/ml) solution on the serum. The tube was centrifuged by ultracentrifuge (Beckman) with SW 40 rotor (Beckman) by 40, 000 rpm for 24 hour at 4 ºC. After centrifugation, the upper 10% of total volume was obtained and the TG contents were measured by TG 
Silver staining
To confirm the isolation of TG-rich lipoprotein from serum and compare the amount of TG-rich lipoprotein in mouse serum, we performed SDS-PAGE and silver staining as described in previous study [37] . Pierce TM Silver Stain Kit (Thermo Scientific) was utilized following manufacturers' instruction. In brief, the isolated TG-rich lipoprotein was mixed with SDS sample buffer and loaded into SDS-PAGE. The gels were fixed for 30 min and washed in DW twice. The sensitizing solution was applied to the gel for 15 min and stained with silver nitrate solution. Then the gel moved to developing solution for 5 min. The development was stopped, washed, and scanned.
Statistical analysis
All numeric data are presented as the means ± standard error (SEM) of at least three independent experiments and sample sizes are calculated to allow significance to be reached. Experimental results were analyzed by one-way ANOVA followed by Tukey's honestly significant difference test, or Student's t-test. Prism 5 software (GraphPad Software, San Diego, CA) was used to conduct statistical analysis, and statistical significance was accepted for p-values < 0.05.
Results

Establishment of radiation-induced NAFLD mouse model
To establish chronic NAFLD mouse model, we conducted experiments using whole-body ionizing irradiation to induce NAFLD as previously described [21] . As depicted in Fig. 1A , we designed entire experimental schedules regarding irradiation, incubation, and sacrifice. Based on previous studies stating that patients received radiotherapy in childhood (average 10-year-old) and diagnosed with NAFLD in adulthood (average 25-year-old), we delivered irradiation to mice at the childhood stage and sacrificed mice at the adult stage [21, 22] . Since mice are considered to be juveniles at 3 weeks old and to be mature at 8 weeks old, mice were irradiated at 4 weeks of age and sacrificed at 9 weeks of age [38] . After sacrifice, we found the liver of irradiated mouse to be brown, while that of control mouse was red (Fig.  1B) . We also assessed hepatic lipid accumulation of mice through triglyceride quantification assay. As a result, we observed that 9 out of 15 irradiated mice showed more than 1.5-fold increase in hepatic TG amount in comparison with that of control mice (Fig. 1C) . According to the histological analysis in Fig. 1D , haematoxylin and eosin (H&E) staining revealed that more lipid droplets were in the liver of irradiated mice with increased hepatic TG accumulation. We also observed high level of lipid accumulation in liver of irradiated mice with increased hepatic TG accumulation upon Oil Red O (ORO) staining. As radiation induces pro-inflammatory signaling and hepatic inflammation accelerated lipid accumulation in previous study, we performed Sirius red staining to investigate hepatic damages induced by irradiation [39, 40] . Hepatic fibrosis is usually displayed as accumulation of α-smooth muscle actin and results of Sirius red staining revealed that whole body irradiation did not induce significant hepatic fibrosis which was considered to be a damage response after irradiation [41, 42] . It was also supported by the previous study that ionizing radiation less than 20 Gy did not induce significant normal liver damages [43] . The increased accumulation of hepatic lipids in selected radiation-induced NAFLD mouse livers was verified through assessment of hepatic TG amount (Fig. 1E) . Taken together, we validated that whole body irradiation induced hepatic steatosis in mouse model through histological and biochemical analysis of TG accumulation. Furthermore, the result of Sirius Red staining showed that radiationinduced hepatic response did not leads to chronic NAFLD. 
Radiation-induced NAFLD is induced by decreased GH secretion and hepatic Ltf expression
To investigate the molecular mechanism of radiation-induced NAFLD, we conducted transcriptomic analysis in liver of NAFLD mice ( Fig. 2A) . Based on the microarray result, we selected target gene among genes whose expression changed by more than 1.5-fold. As radiation-induced NAFLD was not derived from direct liver damages, we hypothesized that radiation induced damage elsewhere which led to alteration of the hepatic transcript profiles. In previous study, about 2 of 3 cases showed endocrine disturbance after cranial irradiation through damages in secretory glands as a long-term consequence even 20 years after irradiation [44] . Therefore, we attributed hormone as an intermediating regulator of radiation-induced NALFD and screened genes that were reportedly to be regulated by hormones. Firstly, we analyzed ontology with most significant p-value-"extracellular region"-and searched about the genes in the ontology. "Extracellular region" ontology includes the receptors interacting molecules outside the cells and secreted proteins including protease and fibers. Lactotransferrin (Ltf) was then selected as a candidate for the driving force of the radiation-induced NAFLD. Ltf was reported to be regulated by estrogen, to have inhibitory 
effect on hepatic lipid uptake and to enhance recovery of fatty liver disease [13, 14, 45] . We initially conducted semi-quantitative RT-PCR and Western blot analysis to validate the results of microarray, which revealed that irradiated mice had lower hepatic expression of Ltf ( Fig. 2B and 2C) . Moreover, decreased Ltf expression in the liver tissue of NAFLD mice was validated through the immunohistochemistry (IHC) (Fig. 2D) . Subsequently, we conducted experiment to identify a hormone which regulates hepatic Ltf expression. In a previous study, whole body irradiation reportedly induces malfunctions in the hypothalamic region and reduced GH which is secreted from pituitary gland [23] . The important role of GH in preventing development of NAFLD through the Janus kinase 2 (JAK2)/Signal transducer and activator of transcription 5 (Stat5) pathway was covered in previous study [46] . Therefore, we conducted the experiments to measure the serum GH in the mice and found that irradiated mice showed lower serum GH level than control mice (Fig. 2E ). According to these results, we hypothesized that radiation-induced NAFLD was derived from decreased GH, which led to deprivation of hepatic Ltf expression.
Hepatic Ltf expression is modulated by GH signaling pathway
Based on validation that the serum GH level and expression of Ltf were reduced in irradiated mice, we conducted experiments to investigate whether GH induces Ltf expression in hepatocytes. To accomplish this, we used three hepatocyte cell lines, AML12, MIHA, and HL-7702. AML12 is a murine normal hepatocyte cell line and MIHA and HL-7702 are human normal hepatocyte cell lines. We observed that expression of Ltf mRNA was induced 3 hours after GH treatment (Fig. 3A) . As GH is involved in lipid metabolism through Stat5-mediated signaling pathway, we validated activation and nuclear localization of Stat5 upon GH treatment through immunofluorescence (IF) in MIHA cells (Fig. 3B) . Western blot analysis demonstrated that GH activated the Stat5 signaling pathway and increased expression of Ltf Western blot analysis. The AML12 cells of GH group were treated with GH for 12 hours twice. The AML12 cells of GH removal group were treated with GH for 12 hours and then media was changed with serum-free media. The protein expression was quantified from three independent experiments. Mean ± SEM. *, p<0.05 compared to control hepatocytes. **, p<0.05 compared to GH-treated cells. at least 3 hours after treatment, with peak effects occurring at 6 hours after treatment (Fig.  3C) . To strengthen the insight about the relationship between GH and Ltf expression, we conducted extra experiments to verify whether the deprivation of GH could also decrease Ltf expression in an in vitro model. We set control groups by incubation with serum-free media for 24 hours and GH groups by GH treatment at 0 hours and 12 hours. In addition, we set a GH removal group by treatment with GH at 0 hours followed by exchanging to fresh media at 12 hours. The GH removal group showed decreased Ltf expression compared with those in the GH group (Fig, 3D) . From these data we confirmed that hepatic Ltf expression is significantly dependent on GH stimulation and that radiation-induced decrease of serum GH and hepatic Ltf could be the driving force of radiation-induced NAFLD.
GH-induced Ltf prevents chylomicron-dependent lipid accumulation
Ltf has been reported to regulate hepatic lipid uptake through inhibition of interaction between chylomicron and hepatocytes [17, 47] . To validate the mechanism of GH-induced Ltf in inhibiting hepatic steatosis, we utilized overexpression of human Ltf in an in vitro model and validated through Western blot analysis (Fig. 4A) . Subsequently, we isolated TG-rich lipoprotein from human plasma for treatment to the cells and observed TG accumulation in hepatocytes. TG-rich lipoprotein was isolated through density-dependent centrifugation, which was validated through SDS-PAGE and silver staining (Fig. 4B) . The fraction with a lower number was the lighter part of the isolates. The results revealed that TG-rich lipoprotein was in lighter part and successfully isolated from other plasma contents, including serum albumin (70kDa). Moreover, it contains apolipoprotein B48 (ApoB48, 250kDa), a marker protein of chylomicron. The hepatocytes were treated with TG-rich lipoprotein and incubated for 24 hours, after which lipid accumulation was assessed through ORO staining and TG assay. As shown in Fig. 4C , we found that treatment with TG-rich lipoprotein induced lipid accumulation in hepatocytes, which was inhibited by treatment with GH or Ltf overexpression. The result of TG assay also revealed that intracellular TG accumulation increased by 20-30% upon TG- (Fig. 4D ).
GH and Ltf prevent radiation-induced NAFLD
Based on the prevention of hepatic steatosis by treatment with GH, we conducted in vivo experiments to validate the mechanism of GH-induced Ltf in inhibition of lipid accumulation. We conducted experiments using mice group treated with both single irradiation and daily GH administration (2 μg/g·day). After 5 weeks of incubation, the mice were sacrificed and we measured hepatic alterations. As shown in Fig. 5A , we observed that the injection of GH could not recover the serum GH depletion at all. However, ORO staining revealed that the hepatic lipid accumulation was inhibited in GH-treated mice (Fig. 5B) . The result of hepatic TG assay also showed the role of GH in prevention of hepatic steatosis (Fig. 5C) . To investigate the involvement of Ltf in prevention of radiation-induced NAFLD in the in vivo mouse model, we analyzed the hepatic expression level of Ltf. The results of IHC for Ltf in Fig. 5B confirmed that liver from GH-treated mice showed up-regulated Ltf expression. We also found that the GHinduced up-regulation of Ltf expression occurred through transcriptional regulation ( Fig. 5D  and 5E ). According to the inhibitory role of Ltf in the uptake of chylomicron, we analyzed the chylomicron content in the mouse serum. As shown in Fig. 5F , result of silver staining showed that a higher level of chylomicron remained in the serum of GH-treated mice. Taken together, these findings indicated that administration of GH significantly reduced lipid accumulation through increased hepatic Ltf expression and prevention of hepatic chylomicron uptake.
Coumestrol prevents NAFLD through induction of hepatic Ltf expression
Although many studies have been conducted to identify the drugs to cure NAFLD, there still has not been a drug with significant efficacy to cure NAFLD [4] . Recent study suggested that NAFLD treatment based on molecular mechanism is needed [48] . In addition, a study suggested natural extract could regulate NAFLD through down-regulation of lipogenic gene expression [49] . In this study, we suggested that coumestrol, a type of isoflavonoid, The serum GH levels of mice were determined through GH ELISA. The mice in GH group were irradiated and daily treated with GH by 2ug per g of the mice for 5 weeks (n = 5 per group). Mean ± SEM. *, p<0.05 compared to control mice. (B) The hepatic histological changes of the mice treated with GH were determined through ORO staining (upper) and IHC for Ltf (lower). The scale bar indicates 5μm. (C) The accumulation of TG was assessed by TG assay. Mean ± SEM. *, p<0.05 compared to control mice (n = 5 per group). **, p<0.05 compared to irradiated mice. (D) The alteration of hepatic Ltf mRNA expression upon treatment with GH was assessed by semi-quantitative RT-PCR. The mRNA expression was quantified from three independent experiments. Mean ± SEM. *, p<0.05 compared to irradiated mice. (E) The alteration of hepatic Ltf protein expression upon treatment with GH was assessed by Western blot analysis. The protein expression was quantified from three independent experiments. Mean ± SEM. *, p<0.05 compared to irradiated mice. (F) The changes of serum chylomicron amount were validated by silver staining. The TG-rich lipoprotein was isolated from same amount of serum of the mice and the amount of ApoB48 (250kDa) was used as a marker for chylomicron.
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could enhance the expression of Ltf (Fig. 6A) . According to previous studies, coumestrol could induce Ltf expression in uterine epithelial cells through estrogen receptor activation and active estrogen receptor could stimulate the transcriptional activity of Stat5 [45, 50] . Subsequently, we treated hepatocytes with coumestrol and assessed alteration of Ltf expression. As shown in Fig. 6B , coumestrol could induce Ltf expression, but no synergetic effects between coumestrol and GH treatment were observed in induction of Ltf expression, which referring that the two stimulants converged into single signaling pathway. We next conducted experiments to evaluate the role of coumestrol in inhibition of hepatic lipid accumulation derived from chylomicron. As shown in Fig. 6C , the inhibitory role of coumestrol in hepatic lipid accumulation was observed by ORO staining in both cell lines. This effect was also validated through assessment of intracellular TG accumulation. (Fig. 6D) .
To validate the in vivo effects of coumestrol, we conducted additional experiments in which mice were treated with single irradiation and daily injection of coumestrol (0.5 μg/g·day). As shown in Fig. 6E , ORO staining revealed that coumestrol treatment reduced radiationinduced hepatic TG accumulation. The inhibitory role of coumestrol in hepatic steatosis was also validated through TG assay (Fig. 6F) . Moreover, we observed that coumestrol treatment induced Ltf expression through transcriptional regulation, which is consistent with those observed in the in vitro experiments (Fig. 6G) . Elevated hepatic Ltf expression in mice treated with coumestrol was shown in result of IHC (Fig. 6E) . In summary, coumestrol induced Ltf expression in harmony with GH signaling both in the in vitro and in vivo model and prevented development of NAFLD through inhibition of the uptake of dietary fat. 
Coumestrol prevents development of diet-induced NAFLD
Based on the effects of coumestrol in prevention and cure of NAFLD, we conducted experiments with several NAFLD mouse models induced by diet (high-fructose, high-fat, and MCD diet) to investigate the general application of coumestrol to regulate NAFLD. We adopted these models because the excessive consumption of carbohydrate or fat and deficiency of methionine and choline were widely known to be principal cause for development of NAFLD [51] . As shown in Fig. 7A, 7B , and 7C, each diet induced hepatic steatosis and the assessment of hepatic TG accumulation supported the increased hepatic lipid accumulations. In response to treatment with coumestrol, diet-induced hepatic steatosis was ameliorated in mice which received high-fructose and high-fat diet. However, mice that received the MCD diet did not show significant changes in their hepatic lipid content upon treatment with coumestrol, because the pathogenesis caused by the MCD diet was independent on lipid uptake. Interestingly, we also found that administration of coumestrol could reduce body weight only in mice that received the high-fat diet (Fig. 7D) . In addition, we found that diet and treatment of coumestrol did not alter serum GH level (Fig. 7E) . As for the Ltf expression, we observed that diet did not reduced hepatic Ltf expression as presented in radiation-induced Fig. 7F and 7G ). Taken together, the regulatory role of coumestrol and Ltf expression on lipid uptake can prevent development of NALFD induced by high-fructose and high-fat diet.
Discussion
In this study, we established a novel chronic NAFLD mouse model through irradiation to young mice and investigated the molecular biomarker involved in hepatic steatosis, an initial step of the NAFLD. Through analysis of transcriptomic profiles, we found that depletion of hepatic Ltf expression led to hepatic lipid uptake and that GH was an upstream regulator of Ltf expression. We experimentally confirmed that GH induced Ltf expression through the Stat5 signaling pathway using in vitro and in vivo models. Furthermore, Ltf regulated lipid uptake through preventing chylomicron uptake of hepatocytes. Coumestrol was utilized to induce Ltf expression and inhibit the development of NAFLD in hepatocytes. The overall investigation of this study was summarized in Fig. 6F . These findings provided basic information regarding the initial hepatic steatosis under normal diet conditions and suggest a potential molecular target for treatment of the NAFLD.
The fundamental driving force of hepatic steatosis has not discovered yet, however, a deeper understanding of NAFLD pathogenesis can lead to development of a completely curative treatment. In this context, many studies utilized diet-induced NAFLD models which were generated by an excessive uptake of certain nutrient. However, the models had some limitations in that they could not fully mimic the NAFLD patients and they showed highly acute responses [18] . In addition, the molecular mechanisms underlying each NAFLD model differed from each other, leading to confusion regarding NAFLD pathogenesis. For example, hepatic ketohexokinase C was increased and caused NAFLD in mice that received highfructose diet, but was not in mice that received high-fat diet [52] . Another study reported a significant difference in transcriptomic profiles between mice fed with high-fructose and high-fat diets [53] . We also observed these differences among the models in our research (Fig.  7) . Based on our findings, we suggested hormone disturbance as an important underlying driving force of NAFLD pathogenesis instead of the special diet. Previous studies also suggested that TH, estrogen, and GH were related to NAFLD and played roles in regulation of hepatic steatosis [16, 46, 54] . The results of these studies supported the present study in that they demonstrated the important role of hormones regulation in development of NAFLD. Therefore, we suggest that the radiation-induced NAFLD mouse model can serve as a novel chronic NAFLD model based on hormone disturbance and that it can be utilized for further studies without using special diet.
In the context of regulation of Ltf expression, only estrogen and prolactin were suggested as inducers of Ltf in previous studies [45, 55] . Although the organs expressing Ltf were reported to be very limited in the past, a recent study newly reported that the liver expressed Ltf upon pro-inflammatory stimulation and that Ltf was involved in the liver immune system [56] . Nevertheless, the molecular mechanism of hepatic Ltf expression still has been elusive. In this study, we investigated the involvement of hormone in Ltf regulation based on the postirradiation hormone abnormality and found that GH was a potential regulator of hepatic Ltf expression. A weak evidence of the involvement of GH in Ltf expression was previously suggested by the study reporting that prolactin is a member of the GH family and that shares binding affinity with that of GH [57] . In addition, it was reported that GH can activate prolactin receptor and GH receptor by direct binding, and that the signaling transductions of activated receptors converged on the Stat5 pathway [57, 58] . Moreover, the binding site for Stat5 (TTC(T/C)N(G/A)GAA) was reportedly present in the promoter of the Ltf gene in cow and pig [59, 60] . Based on this information, we also validated this relationship between Stat5 and Ltf expression in humans through analysis of the promoter sequence of Ltf. From -585bp to -576bp in the upstream of the first exon of Ltf, a binding site for Stat5 (TTCTTAGAA) was found. Although the binding site for estrogen receptor was not found in the promoter of the Ltf gene, a previous study suggested there was a physical interaction between Stat5 and estrogen receptor, which explained the involvement of estrogen receptor in expression of Stat5-responsive genes [50] . Furthermore, a previous study stating that farnesoid X receptor mediates estrogen receptor activation also supported the cooperative activation of estrogen receptor upon coumestrol treatment [61] . Taken together, the GH-and coumestrol-induced Ltf expression was consistent with the previous studies and we confirmed their role in Ltf expression through in vitro and in vivo experiments.
The regulation of dietary lipid uptake has been suggested as a promising therapeutic strategy for metabolic diseases including NAFLD, diabetes, and obesity. A recent review suggested the molecular targets involved in TG-lich lipoproteins as novel therapeutic targets for NAFLD [62] . In this study, we found Ltf to be an inhibitor of hepatic lipid uptake and validated its function in both in vitro and in vivo models. The potentiality for utilizing Ltf as a therapeutic strategy can be supported by many previous studies covering the molecular mechanism of the Ltf. It was suggested that Ltf competitively inhibits the interaction between LRP-1, heparan sulfate proteoglycan (HSPG), and ApoE, which begins endocytosis of the chylomicron [47] . Specifically, Ltf was an interaction partner of LRP-1 and reduced the chance of recognizing ApoE, which is responsible for chylomicron uptake by hepatocyte. Previous studies covering the molecular mechanisms of these proteins further strengthen the importance of Ltf. A LRP-1 knock-out mouse model reportedly lost almost all chylomicron uptake and HSPG knock-down hepatocytes also showed depleted chylomicron uptake [63, 64] . Therefore, we inferred that the involvement of Ltf in chylomicron uptake significantly influences hepatic steatosis and this study suggested that inducing hepatic Ltf expression could be used to effectively treat NAFLD.
The incidence of NAFLD has been increasing and one fifth of people are suffered from NAFLD worldwide because of an absence of drugs with significant pharmacological effects. In the present study, we investigated canonical pathways that can induce NAFLD through radiation-induced chronic NAFLD mouse models. Transcriptomic analysis showed that depletion of GH and hepatic Ltf expression in irradiated mice was an inducing factor of NAFLD. Moreover, we investigated whether the natural compound coumestrol could overcome NAFLD. The results of the present study suggest that the modulation of hepatic dietary fat uptake can be a promising target and that the function of Ltf can provide insight into the development of drugs for NAFLD.
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